Abstract: 30 patients with delayed contrast enhancement in patterns suggestive of myocardial infarctions were reviewed. Infarct mass was quantitatively measured using short axis images obtained in the delayed phase of gadopentetate administration. Left ventricular mass and ejection fraction were measured using short axis, steady state free precession images. A relationship is drawn between increased mass of infarction and decreased left ventricular ejection fraction. For each gram of infarct, there is a 0.5 % reduction in ejection fraction (EF = 50 -(0.48 x gm infarcted myocardium); r 2 = 0.49). For each % increase of infarcted myocardium, there is a 0.67 % reduction in ejection fraction (EF = 50 -(0.67 x percent of infarcted myocardium); r 2 = 0.39). Left ventricular ejection fraction correlates inversely with the mass of myocardium with delayed enhancement on cardiac MRI.
INTRODUCTION
Delayed contrast enhancement MRI (DCE-MRI) has gained widespread acceptance as an accurate means to delineate myocardial fibrosis. Myocardial fibrosis patterns consistent with myocardial infarction are derived from patterns with subendocardial to progressive transmural involvement in an anatomic distribution consistent with coronary anatomy. As cardiac MRI has become more commonly utilized, further applications of this technique have developed including evaluation of other cardiomyopathies. Although several studies have showed the validity of DCE for measuring infarct size and predicting nonviability, further work is needed to establish the significance of quantitative assessment of infarct size using DCE-MRI.
The ability to predict the left ventricular ejection fraction based on infarct volume size adds a new diagnostic dimension to delayed contrast enhanced MRI. This retrospective study is performed to assess the quantitative relationship between infarct size as defined by DCE and the degree of decrease in ejection fraction in order to define whether a reliable prediction in the degree of decreased systolic function can be made based on quantification of the size of the infarct as shown by DCE-MRI.
METHODS

Patient Population
Thirty consecutive patients from a large, county hospital were included in the analysis. Inclusion criteria consisted of presence of an infarction in the left ventricle, visible on DCE-MRI and completion of the MRI study. Patients were included in the study only if the morphology of areas of *Address correspondence to this author at the MRI Fellowship Chief of MRI, LAC+USC Imaging Science Center, 1744 Zonal Ave. Los Angeles, CA 90033, USA; Tel: 323-221-2744; Fax: 323-221-2982; E-mail: colletti@usc.edu delayed contrast enhancement conformed to the expected shape and distribution of an infarction (e.g. subendocardial progressive to transmural delayed enhancement in the expected vascular distributions of the coronary arteries [1] . Twenty four of the patients were male, the remaining 6 were female. The mean age of the population was 54 years, with a range from 44 to 68.
MRI TECHNIQUE
Studies were performed between June 21st, 2006 and April 3rd, 2007. All studies were performed on a GE Signa 1.5T field strength MRI unit. Computation of systolic function was based on short axis, balanced steady state free precession sequences (Fast Imaging Employing Steady State Acquisition (FIESTA)). Contiguous 8 mm short axis images were obtained during breath-holding and using segmental k-space acquisition gated to the cardiac cycle. Ten minutes after the intravenous administration of Magnevist (Bayer, Wayne, NJ), 0.2 mmol/kg, and delayed contrast enhanced contiguous 8 mm short axis images were obtained during breath-holding using a gradient-echo inversion recovery sequence with inversion time optimized to null normal myocardial signal. Processing was performed on an ADW workstation (General Electric, Milwaukee, WI) using Mass Analysis Plus (Medis, Leiden, The Netherlands). Regions of interest were manually drawn around the left ventricle at end systole and end diastole on the functional images ( Fig. 1) and around the areas of delayed myocardial enhancement (Fig. 2) . These regions were used to generate quantitative functional data including assessment of ejection fraction (LVEF), end systolic and end diastolic volumes, stroke volumes, assessment of left ventricular (LV) mass and myocardial infarct volume. Comparisons were made between the size of infarction and the left ventricular ejection fraction.
RESULTS
Our analysis shows that there is a predictable, linear relationship between infarct size and degree of systolic dysfunction ( Table 1) . Two parameters specifically were correlated to assess the relationship between infarct size and depressed systolic function. Fig. (1) . Regions drawn at end-systole and end-diastole. DCE-MRI sequences were obtained at a time delay of ten to fifteen minutes and using an inversion time (TI) of 200 ms. Quantification of infarct size was processed on an ADW workstation as well, based on short axis images.
Fig. (2). Region drawn around area of infarction.
First, we drew a relationship between infarct mass and ejection fraction. Infarct mass was shown to correlate with ejection fraction according to the following relationship:
Ejection Fraction (%) = -0.48 x (grams of infracted myocardium) + 50 r 2 = 0.4941.
In other words, from a baseline ejection fraction of 50%, each gram of myocardium infracted would be expected to decrease the ejection fraction by roughly 0.5%. (Fig. 3) .
Second, we drew a relationship between infarct percentage and ejection fraction. Infarct percentage was calculated by again deriving an infarct mass as described above and dividing the amount of infarcted myocardium by the total left ventricular mass. Infarct percentage was shown to correlate with ejection fraction according to the following relationship:
Ejection Fraction (%) = -0.67 x (% mass of infarcted myocardium) + 49 r 2 = 0.3919.
In other words, from a baseline ejection fraction of roughly 50%, each incremental increase in percentage of myocardium infarcted would be expected to decrease the ejection fraction by 0.66%. (Fig. 4) .
DISCUSSION
Ejection fraction is an important factor in assessment of cardiovascular morbidity and mortality [1] [2] [3] [4] [5] . There is indeed, an important relationship between infarct size, decreased systolic function, and subsequent cardiovascular morbidity and mortality [6, 7] . Previously, infarct size has been measured noninvasively by several other imaging modalities and correlated with worsened systolic function. This has been employed most widely with scintigraphy [8] [9] [10] [11] [12] , but has also been shown with estimations of infarct size based on serum enzyme evaluation. [13] [14] [15] Efforts to evaluate infarct size by studies evaluating motion such as echocardiography usually overestimate infarct size, since non-transmural infarctions affecting the sub-endocardium will cause disproportionately larger areas of wall motion abnormalities [16, 17] .
MRI more recently been validated in both animal models and in humans as demonstrating excellent correlation with pathologic size of areas of infarction. The superior spatial resolution of MRI allows better evaluation of overall size of infarction and can also enable delineation of degree of wall thickness involvement in infarction. [18] [19] [20] Other studies have shown links between infarct size and wall motion abnormalities. Marholdt et al. showed that wall motion abnormalities ensue when more than 20% of wall thickness is infarcted in a given segment. [21] Beek et al. have shown that the likelihood of recovery of function diminishes when > 50% of wall thickness is infarcted [22] . These investigations have shown the utility of evaluating the degree of transmurality of infarctions, which is best demonstrated by MRI [23] .
This study further supports the link between infarct size and ejection fraction. Also, we further show that in addition to proportionality, there is a quantifiable, direct relationship between the size of the infarct and the degree of systolic dysfunction. This is the largest study, to date, to show this linkage. To our knowledge, this is also the first study to quantify the predictability of systolic dysfunction from DCE-MRI.
There are several implications from this data that this analysis does not directly address. First, it follows syllogistically that if infarct size is correlated with worsened systolic function and depressed ejection fraction contributes to increase cardiac morbidity and mortality, then the amount of infarction measured by DCE-MRI may be an important indicator of subsequent morbidity and mortality. At our institution, data collection is currently underway to better evaluate this relationship.
Additionally, several outliers in the data sets are present. These consist of patients who either had smaller infarct size but more severe systolic dysfunction or patients who had larger infarcts but relatively preserved function.
Although there was heterogeneity in the patient population studied herein, it would be helpful to identify patients who may lie in the former category, with relatively severe systolic dysfunction for the degree of infarct size. This patient population would be important to identify for two reasons. First, we would posit that in patients with relatively small infarct size but severe systolic dysfunction, there may be a greater benefit for subsequent revascularization. A follow-up study showing a function-DCE mismatch might be useful in patients who should be more aggressively considered for revascularization. Second, identifying patients with a systolic function-DCE mismatch might be related to a superimposed cardiomyopathy.
Relatively fewer patients were identified with relatively with larger infarct size had preserved systolic function. The finding of few patients in this latter category further underscores that worsened DCE is associated with more deteriorated function. Further study could be directed at optimization of function in the setting of large infarctions. A benchmark for the utility of treatment options would be pushing the patient rightward in the direction of the abscissa on the graphs presented, e.g. achieving improvements in systolic function in the face of larger infarctions.
Finally, another implication of the data presented is in the better reliability of the relationship between infarct size and ejection fraction compared with infarct percentage and ejection fraction. Based on this relatively small study sample size, it is likely that infarct size is a better predictor of functional impairment than infarct percentage. This makes sense since in calculating infarct percentage; the denominator used is left ventricular mass. Although increased left ventricular mass and remodeling may be useful in order to preserve systolic function, beyond a certain point, enlargement of the left ventricle becomes dysfunction. In patients with an enlarged left ventricle, it is suspected that an infarction might result in an even greater impairment in contractility. This contention is born out in the fact that overall infarct size, rather than infarct percentage is a more reliable predictor of left ventricular dysfunction.
We acknowledge several limitations in this study. Specifically, there was some heterogeneity in the patient populations. Many of the patients were imaged at least one month after the date of infarction. However, for many patients, the date of infarction was difficult to ascertain, by history. Hombach et al. [23] have shown that functional recovery is maximized at one month after infarction.
An additional limitation of this study is the possible overlap in patients who have ischemic and other, superimposed etiologies for cardiomyopathy. All of the studies included in this analysis were screened by an experienced cardiac MRI reader to ensure that the areas of delayed enhancement had morphology consistent with infarction. On the other hand, however, it is impossible to ensure that the patients included do not have a superimposed non-ischemic cardiomyopathy.
CONCLUSIONS
Percent myocardium with delayed enhancement correlates inversely with ejection fraction in an incremental manner, where from a baseline ejection fraction of 50%, each gram of myocardium infracted is correlated with a decrease in left ventricular ejection fraction of 0.5%.
